Multiple sclerosis (MS) is a demyelinating, autoimmune disease of the central nervous system. While work has focused on axon loss in MS, far less is known about synaptic changes. Here, in striking similarity to other neurodegenerative diseases, we identify in postmortem human MS tissue and in nonhuman primate and mouse MS models profound synapse loss and microglial synaptic engulfment. These events can occur independently of local demyelination, neuronal degeneration, and peripheral immune cell infiltration, but coincide with gliosis and increased localization of complement component C3, but not C1q, at synapses. Finally, we use AAV9 to overexpress the complement inhibitor Crry at activated C3-bound synapses in mice and demonstrate robust protection of synapses and visual function. These results mechanistically dissect synapse loss as an early pathology in MS. We further provide a novel gene therapy approach to prevent synapse loss by microglia, which may be broadly applicable to other neurodegenerative diseases.
Introduction
Multiple sclerosis (MS) is a neurological disease of the central nervous system (CNS) affecting more than 2 million people worldwide (2019) . The disease is typically characterized by recurrent episodes of inflammatory demyelination with a relapsing-remitting course, which can be accompanied by neurodegeneration (Reich et al., 2018 , Amato et al., 2010 . A subset of patients initially present with or develop a progressive, chronic neurodegenerative disease with significant synapse loss and CNS atrophy, termed progressive MS (Mahad et al., 2015) . Current FDA and EMA-approved disease-modifying therapies, which target inhibition of peripheral immune attack on the CNS in MS, are increasingly effective at reducing episodes of inflammatory demyelination and neurological disability (Mahad et al., 2015 , Weideman et al., 2017 . However, the neurodegenerative process, particularly for patients with progressive MS, has proven significantly more challenging to decelerate (Ciotti and Cross, 2018) . Similar to other neurodegenerative diseases, there is no clear mechanistic understanding of why some patients develop profound degeneration and disability. Therefore, studying neurodegeneration in MS may offer a unique opportunity to capture early phases of the degenerative process, which may be broadly applicable to other CNS diseases and could lead to novel therapeutic strategies to meet an urgent clinical need.
Synapse loss has recently emerged as an early and likely key feature underlying circuit dysfunction in many neurodegenerative diseases, including Alzheimer's disease and other dementias (Selkoe et al., 2008 , Mucke and Selkoe, 2012 , Selkoe, 2002 , Milnerwood and Raymond, 2010 , Yoshiyama et al., 2007 , Coleman et al., 2004 , Forner et al., 2017 , Tyebji and Hannan, 2017 , Henstridge et al., 2016 . However, compared to other diseases, far less is known regarding how synaptic connections are affected in MS. The vast majority of research aimed at treating neurodegenerative aspects of MS have focused on mechanisms of de-and remyelination, as well as axon de-and regeneration (Lassmann, 2018 , Lassmann, 2010 , Mahad et al., 2015 , Dutta and Trapp, 2011 , Reich et al., 2018 . From the few studies assessing synaptic changes in postmortem MS tissue, synapse loss has been observed in the hippocampus and normal appearing gray matter in the cortex (Dutta et al., 2011 , Jurgens et al., 2016 . Similar results have been found in rodent models of demyelinating disease. For example, in a cuprizone model of demyelination, a significant decrease in excitatory synapses was observed in the visual thalamus concomitant with reactive gliosis and subcortical demyelination (Araujo et al., 2017) . In another study, experimental autoimmune encephalomyelitis (EAE)-induced demyelination in mice resulted in a ~28% decrease in PSD-95-positive postsynaptic densities in the hippocampus, which was observed in the absence of hippocampal demyelination, but in the presence of reactive, phagocytic microglia (Bellizzi et al., 2016) . A common feature in all these human and animal model studies is reactive gliosis, including pronounced increases in inflammatory microglia, a resident CNS macrophage (Lassmann, 2018 , Lassmann, 2010 , Mahad et al., 2015 , Voet et al., 2018 . However, it remains unclear if and how these inflammatory glial cells could modulate synaptic connectivity in demyelinating disease.
Microglia have recently been identified as key regulators of synaptic connectivity in the healthy and diseased brain. During development, microglia regulate synaptic pruning by engulfing and removing a subset of synapses that initially form in excess. One key mechanism is classical complement cascade-dependent phagocytic signaling (Stevens et al., 2007 , Schafer et al., 2012 . In the peripheral immune system, components of the classical complement cascade, C1q and C3, bind the surface of invading pathogens, cellular debris, etc., leading to clearance by professional phagocytes that express complement receptors. Similarly, in the developing rodent visual thalamus, C1q and C3 localize to synapses (Stevens et al., 2007) . Microglia expressing complement receptor 3 (CR3), a C3 receptor, then engulf these complementassociated synapses. Mice deficient in either CR3 expressed by microglia, C3, or C1q have a ~50% decrease in their ability to engulf and remove synapses (Schafer et al., 2012, Bialas and Stevens, 2013) . Interestingly, this classical complement cascade-mediated phagocytic signaling has now been identified to be aberrantly upregulated in mouse models of Alzheimer's disease, frontotemporal dementia, and West Nile Virus infection, leading to synapse loss (Hong et al., 2016 , Vasek et al., 2016 , Lui et al., 2016 . In MS patients, complement proteins are elevated systemically and in the CNS (Aeinehband et al., 2015 , Ingram et al., 2012 , Ingram et al., 2009 , Watkins et al., 2016 , and recent work has suggested that C1q and C3 colocalize with synaptic proteins in postmortem MS brains (Michailidou et al., 2015) . However, it remains elusive if complement and/or microglia are necessary for synaptic changes in MS.
In the current study, we use the retinogeniculate system to study synaptic changes in demyelinating disease. The retinogeniculate system is comprised of retinal ganglion cells (RGCs), which are neurons in the retina that extend their axons via the optic nerve and tract and synapse onto relay neurons within the lateral geniculate nucleus (LGN) of the thalamus. This circuit was chosen because even subtle synaptic changes are easily detected by immunohistochemical methods (Schafer et al., 2016 , Schafer et al., 2012 , Hong et al., 2014 . In addition, because the anterior visual pathway is commonly affected in MS, >50% of patients experience inflammation of the optic nerve (i.e. optic neuritis) and visual dysfunction (Toosy et al., 2014 , Reich et al., 2018 . Using postmortem human MS tissue, a preclinical nonhuman primate model of MS, and two different rodent models of demyelinating disease, we investigated early synapse changes in the retinogeniculate system. We first show profound synapse loss in the LGN from human MS tissue and in all animal MS models and identify that microglia, but not astrocytes, are engulfing synapses across species. Using rodent models, we further show that these synaptic changes can occur independent of neuronal cell death, axon degeneration, significant demyelination, or peripheral immune cell infiltration. To identify a molecular mechanism underlying this synapse loss, we focused on the complement cascade and provide evidence for activation of the alternative, but not the classical, complement cascade at synapses in demyelinating disease. We then use an adeno-associated viral (AAV) approach to overexpress the C3 inhibitor Crry at sites of synaptic C3 activation in the retinogeniculate circuit and demonstrate robust protection from synapse engulfment by microglia and synapse loss. The rescue of structural synapses with this AAV approach was specific to the retinogeniculate circuit and restored function as assessed by visual acuity. Together, our data provide evidence across multiple species that local inflammatory microglia and the alternative complement cascade mediate synapse loss and functional decline in demyelinating disease. With our data demonstrating that targeted inhibition of activated C3 protects synapses, we further uncover a new therapeutic strategy to prevent synapse loss at specific synapses and preserve visual function in neurodegeneration.
Results

Profound synapse loss and microglial engulfment of presynaptic terminals in MS patients and in a preclinical marmoset EAE model
To first interrogate synaptic changes that are clinically relevant to MS, we assessed synaptic connectivity in postmortem LGN from MS patients and control patients without neurological disease (Table S1 ). Using anti-vesicular glutamate transporter 2 (VGluT2) immunostaining, a marker specific to retinogeniculate presynaptic inputs, and confocal imaging, we observed a significant decrease in retinogeniculate presynaptic terminals within the LGN of MS patients compared to controls (Fig. 1A) . Co-labeling with the microglia/macrophage marker Iba1 and 3D-surface rendering further revealed that significant amounts of VGluT2 + -terminals were engulfed within Iba1 + -cells ( Fig. 1B) . These results are consistent with previous work showing significant degeneration of the thalamus and deep gray matter early in the disease course of MS, which accurately predicted subsequent disease severity (Eshaghi et al., 2018 , Zivadinov et al., 2013 . This is also in line with studies showing decreased presynaptic inputs in the hippocampus and cortex of postmortem MS tissue (Dutta et al., 2011 , Jurgens et al., 2016 and studies demonstrating that microglia engulf and eliminate synaptic components in other models of neurodegenerative disease (Hong et al., 2016 , Paolicelli et al., 2017 , Lui et al., 2016 , Vasek et al., 2016 .
We next sought to corroborate these findings in a preclinical nonhuman primate model of MS, experimental autoimmune encephalomyelitis (EAE) in common marmosets induced by immunization with human white matter homogenate (Lee et al., 2018) . This model is particularly powerful as it has many of the pathological features present in human MS (Absinta et al., 2016) .
Similar to MS patient LGN, we found a ~2-fold reduction in the density of retinogeniculate terminals and an increased localization of VGluT2 within microglia (Fig. 1C, D) in the LGN from animals that developed EAE with demyelinating lesions in the optic nerve and tract by MRI (Table S2 ). This is in contrast to either EAE or non-EAE animals with no detectable lesions in the optic nerve and tract (Table S2) , which were used as controls. Many of the engulfed VGluT2 + -retinogeniculate terminals were detected within microglial phagocytic cups, which were not present in microglia from control animals ( Fig. 1D ). A recent MRI study indicated that damage of the LGN in MS patients results from anterograde degeneration from the retina and retrograde degeneration from the visual cortex (Papadopoulou et al., 2019) . To determine if loss of presynaptic inputs and engulfment by microglia is specific to retinogeniculate terminals or if synaptic connectivity within the LGN is affected more broadly, we assessed the density of corticothalamic inputs by immunostaining against VGluT1 in marmosets. Similar to retinogeniculate terminals, we also found a significant decrease in the density of VGluT1 +corticothalamic inputs in the LGN and detected significant amounts of VGluT1 within microglia in marmosets with lesions in the optic nerve and tract following EAE ( Fig. 1E,F) . These data provide the first evidence that reactive microglia/macrophages engulf and eliminate presynaptic inputs within the retinogeniculate circuit in demyelinating disease
Synapse loss can occur independent of significant demyelination, cell death, or axon degeneration
In the human MS cases, patients have had protracted disease with significant bouts of demyelination. In the marmoset EAE model, the animals also showed signs of demyelination in the LGN and optic tract by MRI (Table S2) , which we confirmed in postmortem tissue ( Fig.   S1A ,B). To determine if synapse loss occurred independent of demyelination and to gain a deeper understanding of the cellular and molecular mechanisms underlying synapse loss in demyelinating disease, we next interrogated retinogeniculate synaptic changes in the MOG 35-55induced mouse EAE model prior to peak clinical score compared to Complete Freund's Adjuvant (CFA)-treated controls (Crocker et al., 2006) . Mice analyzed here displayed moderate clinical symptoms (average scores: 1.35±0.35) that were typically observed between day 10-12 postimmunization (average: 10.8±0.4) ( Fig. S2A ). Similar to human and marmoset data ( Fig. 1 ), we detected a significant, >50% reduction in VGluT2 + -and VGluT1 + -presynaptic inputs within the
LGN at this earlier stage of mouse EAE ( Fig. 2A,B ). This was accompanied by a pronounced reduction in the density of structural synapses (co-localized presynaptic VGluT2 or VGluT1 with postsynaptic PSD-95 or Homer1). However, this synapse loss in EAE was mainly attributed to a presynaptic effect, as the densities of postsynaptic PSD-95 and Homer1 were relatively unaltered ( Fig. 2A,B ).
We next addressed whether synapse loss was a secondary effect to other brain pathology or whether it occurred independent of demyelination, cell death, and/or axon degeneration. Consistent with the latter, while a significant increase in peripheral CD3 + -T-cells, CD45 + -leukocytes ( Fig. S2B ,C), reactive microglia, and GFAP + -astrocytes ( Fig. S2D ,E) were observed, we detected no significant changes in the myelin sheath (Figs. 2C, D; S3) . This is consistent with capturing events at early stages of EAE where the animals had moderate clinical scores (average scores: 1.35±0.35) at the time of sacrificing. This lack of demyelination in the retinogeniculate system was assessed by measuring for disruptions in paranodal junctions and nodes of Ranvier, which have previously been described as early events in demyelination (Wolswijk and Balesar, 2003, Howell et al., 2006) . No significant alterations in the density or size of CASPR + -paranodal junctions or β IV-spectrin + -nodes of Ranvier were observed in the retinogeniculate circuit at this stage of EAE ( Fig. 2C,D ). Further supporting that myelin sheaths are unaltered at the time point when we observe synapse loss, no detectable changes in myelin proteins (MOG, MBP, and MAG) were observed in the optic tract, the LGN, or in longitudinal sections along the length of the optic nerve in EAE compared to CFA-controls ( Fig. S3 ). We next assessed cell death and axon degeneration. Similar to no significant changes in the myelin sheath, there were no significant changes in the density of NeuN + -neurons or neurofilament +axons and no significant increases in the number of cleaved caspase 3 + -apoptotic cells or amyloid precursor protein (APP) accumulations in axons within the retinogeniculate circuit at these early phases in the mouse EAE model S4) . We also found no significant alterations in neurons and axons within the LGN of the marmoset EAE model upon further examination ( Fig. S1C-E ). Together, these data are consistent with synapse loss occurring concomitant with local inflammation (reactive glia and peripheral immune cell infiltrates), but that it can occur independent of demyelination, cell death, and axon degeneration (Hong et al., 2016 , Paolicelli et al., 2017 , Wishart et al., 2006 , Yoshiyama et al., 2007 .
Microglia, but not astrocytes, engulf synapses in animal models of MS
To further examine whether local inflammatory gliosis was a contributing factor to early synapse loss, we tested whether reactive microglia engulfed presynaptic terminals in the mouse EAE model. We labeled microglia with anti-P2RY12, which distinguishes resident microglia from peripheral infiltrating macrophages (Butovsky et al., 2014 , Jordao et al., 2019 , and microglial lysosomes with anti-CD68 to assess engulfed presynaptic terminals within CD68 + -microglial lysosomes using high-resolution confocal imaging and 3D-surface rendering. Similar to data from human and marmoset ( Fig. 1 ), we found a ~10-fold increase in the engulfment of VGluT2 +and VGluT1 + -presynaptic inputs within microglial lysosomes in the LGN in EAE mice (Fig. 3A,B ).
In contrast, only minimal amounts of presynaptic inputs were detected within microglial lysosomes in CFA-control animals. We found no evidence for engulfment of postsynaptic compartments in EAE mice (Fig. 3C ). This finding is consistent with other reports showing that microglia predominantly engulf presynaptic inputs (Schafer et al., 2012 , Schafer et al., 2014 , Weinhard et al., 2018 , and our findings that the density of postsynaptic compartments is relatively unaltered in EAE mice ( Fig. 2A,B ). In addition to microglia, astrocytes have been shown to engulf synaptic material during postnatal development of the visual system (Chung et al., 2013) . To test if reactive astrocytes similarly engulf synaptic material following EAE, we stained astrocytes in the LGN with an antibody against ALDH1L1 and assessed engulfment of VGluT2 and VGluT1 into LAMP2 + -lysosomes. Surprisingly, no engulfment of VGluT2 or VGluT1 was detected within astrocytes in mouse or marmoset EAE models ( Fig. 3D-F) . These data suggest that while astrocytes engulf synapses during developmental synaptic pruning, reactive astrocytes are not contributing to the engulfment of presynaptic terminals in demyelinating disease. Our data are most consistent with microglia as primary mediators of synapse elimination in this demyelinating disease context.
Microglial synaptic engulfment and synapse loss can occur independent of peripheral immune cell infiltration
While we observed no detectable induction of demyelination, cell death, or axon degeneration in the mouse EAE model, a significant increase in infiltrating peripheral T-cells and leukocytes was observed. To investigate the influence of peripheral immune cells on microgliamediated synapse engulfment and synapse loss, we assessed Plp1-CreER T ;ROSA26-EGFP-DTA (diphtheria toxin A (DTA)) mice compared to ROSA26-EGFP-DTA control mice (ctrl.). In this paradigm, 5-7-week-old DTA and ctrl. mice receive tamoxifen injections. In DTA mice, this induces the expression of diphtheria toxin A in mature oligodendrocytes, which results in demyelination within several weeks post-injection ( Fig. 4A ) (Traka et al., 2010 , Traka et al., 2016 . While this model is not conducive to dissecting whether synapse loss is independent of demyelination, there is very minimal peripheral immune cell infiltration, allowing us to test whether synapse loss could occur independent from peripheral immune cell involvement. We first confirmed progressive demyelination in the retinogeniculate circuit as indicated by a reduction of MOG, MBP, and MAG in the visual system ( Fig. S5A-F ). There was no significant infiltration of CD3 + -T-cells and CD45 + -leukocytes at 21dpi. By 35 dpi, there was a subtle increase in peripheral immune cell populations compared to controls ( Fig. 4C,D) ; however, the number of infiltrates was >10-fold less than numbers observed in EAE mice ( Fig. S2B ,C). In the absence of large amounts of peripheral immune infiltrates, we did observe significant microgliosis, exemplified by a progressive increase in the number of microglia that had decreased expression of P2RY12, which also acquired a more reactive, amoeboid-like morphology over the course of demyelination (Figs. 4B; S5G). We then measured synapse engulfment by reactive microglia. As observed in EAE models, we detected significant amounts of engulfed VGluT2 + -and VGluT1 + -presynaptic terminals within microglia in the DTA mice compared to controls ( Fig. 4E ,F), while no synaptic material was detected within astrocytes ( Fig.   4G ). Notably, microglial engulfment of presynaptic inputs could be detected at earlier stages of demyelination (21dpi, Fig. 4E ,F) when no significant recruitment of peripheral immune cells to the LGN was detected ( Fig. 4C ,D) and prior to significant synapse loss at 35 dpi ( Fig. 4H ,I). In agreement with the EAE models, engulfment and elimination of presynaptic terminals occurred in the absence of cell death, axonal degeneration, or decreases in postsynaptic compartments in DTA mice (Figs. 4H,I; S5H-L). These results further support that microglia engulf and eliminate synapses in demyelinating disease and suggest that this biology can occur independent of peripheral immune cell involvement.
Complement component C3, but not C1q, localizes to synapses in animal models of MS
Previous work in mice has shown that microglial engulfment and elimination of synapses in development and in models of neurodegeneration is mediated by the classical complement cascade. In this cascade, the initiating molecule C1q and downstream C3 localize to synapses and microglia that express the receptor for C3 (CR3) engulf and eliminate synapses (Schafer et al., 2012 , Hong et al., 2016 , Stevens et al., 2007 . Interestingly, these molecules have been shown to increase in other CNS regions in EAE and MS patient tissue (Nataf et al., 2000) , but it 1 0 is unknown if complement mediates synapse loss in these contexts. We first assessed levels of C1q and C3 in the retinogeniculate system in mouse EAE. This analysis revealed a significant increase in both complement factors following EAE ( Fig. 5A-D ). However, despite increases in C1q throughout the LGN, it did not colocalize with retinogeniculate or corticothalamic presynaptic terminals in EAE ( Fig. 5A,B) . In contrast, complement factor C3 showed striking colocalization with both presynaptic terminal markers and enrichment at synaptic compartments ( Fig. 5C,D) . Further, the same observations were made in the marmoset EAE and mouse DTA models (Figs. 5E, F; S6) . In the DTA model, C3 colocalization with presynaptic markers could be detected even at earlier stages of disease (21dpi), when microglia engulf synaptic terminals but prior to significant synapse loss ( Fig. S6) . These data support a complement-dependent model by which microglia engulf and eliminate synapses (Hong et al., 2016 , Paolicelli et al., 2017 , Lui et al., 2016 , Vasek et al., 2016 . However, unlike developmental and other neurodegenerative disease contexts, synapse loss in demyelinating disease may be independent of C1q localization to synapses. Instead, our data support the involvement of the alternative complement cascade, which bypasses C1q and works directly through synaptically localized, activated C3 to mediate synapse loss.
AAV9-mediated expression of a C3 inhibitor at retinogeniculate synapses
To test whether synaptically localized, activated C3 was inducing microglia-mediated synapse engulfment and elimination, we took a gene therapy approach. We used adenoassociated virus 9 (AAV9) to overexpress the complement inhibitor Crry, which restricts C3 activation and inhibits C3-mediated opsonization, (Turnberg and Botto, 2003) in the retinogeniculate circuit. To gain further specificity, we fused Crry to a domain of complement receptor 2 (CR2), which is a membrane-associated receptor that binds activated C3. Following the sequence encoding the Crry-CR2-fusion protein was an autocleavage site and an EGFP sequence ( Fig. 6A ), which we used to identify transduced neurons and their projections. We termed this vector AAV-Crry. The expressed Crry-CR2 fusion protein is targeted by the CR2 domain to sites of activated C3 deposition where Crry then inhibits further C3 activation (Alawieh et al., 2015 , Atkinson et al., 2005 , Atkinson et al., 2006 , Qiao et al., 2006 , Alawieh and Tomlinson, 2016 . For a control vector, we used an EGFP encoding construct (AAV-EGFP).
AAV9 viral vectors were then generated and validated in cultured neuro-2a (N2a) cells. One
week after viral transduction, western blot analysis revealed robust expression of Crry and EGFP in transduced N2a cells ( Fig. 6B ). Following initial validation, AAV-Crry or AAV-EGFPs were injected into the vitreous of both eyes of separate cohorts of four-week-old WT mice to transduce retinal ganglion cells (RGCs). Twenty-eight days following AAV delivery, EAE was 1 2 in layer IV of the somatosensory cortex, a brain region without direct inputs from RGCs or the
LGN. While microglial synaptic engulfment was detected and the density of presynaptic terminals was reduced following EAE, AAV-Crry did not protect against synapse engulfment or loss in this brain region ( Fig. S7 ). This is consistent with the AAV-Crry injected mice also developing comparable EAE to AAV-EGFP controls. These data suggest that protective effects of AAV-mediated Crry expression are circuit-specific. This is particularly important to think about in the context inflammation, which can serve to resolve or exacerbate disease depending on the timing and context. For example, synapse loss may be beneficial in some cases to block excitotoxic damage at early stages of disease. Being able to protect specific synapses at specific times offers a more targeted strategy.
Finally, to ask if protection of synapse loss in the retinogeniculate circuit has consequences for visual function, we assessed visual acuity (Prusky et al., 2004) in mice before induction of EAE and at the onset of moderate clinical scores by optomotor testing ± AAV transduction ( Fig. 7J ). We first found that injection of the AAV intravitreally had no significant effect on visual acuity performance prior to EAE induction. We then observed a significant decline in visual acuity following EAE induction in all mice, except the AAV-Crry treated cohort.
Strikingly, AAV-Crry treatment blocked loss of visual acuity, which was comparable to controls prior to EAE as well as previously published data assessing visual acuity in wild-type mice of a similar age (Schafer et al., 2016) . These data demonstrate that AAV-Crry treatment can protect retinogeniculate circuit synapses and prevent functional visual impairment in demyelinating disease ( Fig. 7J ). We find C3 is enriched at synapses (Figs. 5; S6), there is no measurable neuronal degeneration within the retinogeniculate circuit, (Figs. 2; S4), and Crry is enriched in presynaptic compartments following AAV delivery ( Fig. 6E ). Therefore, Crry is likely mediating protection of synapses and visual function through local C3 inhibition at the synapse. Importantly, this is the first evidence in any context that inhibition of C3 at specific synapses may be possible using a gene therapy approach, which has significant therapeutic potential for many neurodegenerative diseases.
Discussion
In postmortem human tissue, a preclinical nonhuman primate model of MS, and two murine models of demyelinating disease we have identified microglial engulfment of presynaptic inputs and synapse loss in a MS-relevant visual circuit, the retinogeniculate system. We further provide compelling evidence that this process can occur independent of demyelination, neuron 1 3 degeneration, or peripheral immune infiltration. Instead, synapse engulfment and loss in the visual thalamus in all species is concomitant with local gliosis and occurs in the presence of synaptically enriched C3, but not synapse-associated C1q. Finally, overexpressing Crry, an inhibitor of C3, in the retinogeniculate circuit, results in a reduction in synaptic C3, inhibition of microglial synapse engulfment, attenuation of synapse loss specifically within the retinogeniculate system versus other brain regions, and protection of visual function. Together, these data support a model by which microglia mediate synapse loss through the alternative complement cascade in demyelinating disease, and this can occur independent of other myelin and neuronal pathology or peripheral immune cell infiltration. These data are the first to demonstrate that complement-mediated phagocytic signaling can modulate synaptic connectivity in demyelinating disease. We also provide a targeted gene therapy approach to inhibit activated C3 at synapse and protect structural and functional synapses with circuit-specificity -an approach that may be broadly applicable to many neurodegenerative diseases.
Our data in murine and nonhuman primate MS models suggest that microglia-mediated synapse engulfment and synapse loss occur prior to cell death and axonal degeneration. We provide further evidence in murine models that these events can also occur independent of demyelination and peripheral immune cell infiltration. This is in line with previous work suggesting that gray matter degeneration in MS can at least partially occur independent of demyelination (Mandolesi et al., 2015) . Also, there is new evidence that, even with the new generation of FDA-approved MS therapies, there is 'silent progression' of the disease where a symptom-free patient at a 2 year follow-up still developed significant disability by the 10 th year (Cree et al., 2019) . Local gliosis and microglia-mediated synapse elimination may be an underlying feature of this 'silent progression' and an early event in the progressive course of neurodegeneration. Consistent with this idea, prior work has implicated the thalamus as one of the earliest targets of degeneration in MS, and thalamic degeneration is an accurate predictor of subsequent MS-related disability (Eshaghi et al., 2018 , Zivadinov et al., 2013 . These data are also consistent with work showing synapse engulfment and early synapse loss in mouse models of other neurodegenerative diseases, where reactive microglia are also present (Hong et al., 2016 , Paolicelli et al., 2017 , Wishart et al., 2006 , Yoshiyama et al., 2007 . It is also important to consider the contribution of other immune and glial cells in this process. While our findings in the DTA mouse model suggest that complement-mediated microglial engulfment and synapse loss can occur in the absence of peripheral immune cell infiltration, there is still a possibility that these cells are involved in synapse loss in other contexts. For example, a recent study has shown that β -synuclein-specific T-cells, which are also present in human MS cases, can induce 1 4 local gliosis and cortical gray matter degeneration in mice (Lodygin et al., 2019) . In addition, other work has shown complement deposition is less in cortical regions compared to deep gray matter in MS (Brink et al., 2005) . This raises the intriguing possibility that synapse loss may be regulated by T-cell-mediated mechanisms in cortical regions and complement-dependent innate immune mechanisms in deeper gray matter structures such as the thalamus.
It is also important to consider the role of astrocytes and potential astrocyte-microglia crosstalk. In development, similar to microglia, it has been shown that astrocytes can engulf synaptic material and regulate synaptic architecture (Chung et al., 2013) . It has also been shown that reactive astrocytes become phagocytic and engulf increased amounts of synaptic material following stroke-induced brain ischemia and other disease-relevant conditions (Morizawa et al., 2017 , Bellesi et al., 2017 , Chung et al., 2016 . In contrast, we show that synapse engulfment is mediated by microglia, but not astrocytes, at least in early stages of demyelinating disease.
While this is consistent with reactive astrocytes showing decreased phagocytic capacity after LPS challenge (Liddelow et al., 2017) , this does not rule out the possibility that local astrogliosis can influence microglia-mediated synapse elimination. Indeed, astrocytes have also been shown to promote microglial synaptic engulfment in the developing brain through IL-33 signaling (Vainchtein et al., 2018) . Microglia-astrocyte crosstalk has also been explored in models of neurodegeneration where microglia have been shown to modulate astrocyte reactivity, transition to a neurotoxic A1 astrocyte phenotype, and astrocytic expression of C3 (Liddelow et al., 2017) .
These more reactive astrocytes could then, in turn, influence C3 levels at the synapses and/or the phagocytic or inflammatory state of microglia. The analysis of microglia-astrocyte crosstalk to disease progression and synapse loss will be important going forward.
Previous work in the mouse retinogeniculate system identified classical complementdependent phagocytic signaling as a key mechanism regulating developmental engulfment and elimination of synapses by microglia (Schafer et al., 2012 , Stevens et al., 2007 , Bialas and Stevens, 2013 . In these studies, C1q and C3 were localized to synapses. Microglia then engulf synapses, in part, through CR3, a receptor for C3. Similar microglia-mediated synapse elimination through the classical complement cascade has recently been identified in mouse models of Alzheimer's disease, frontotemporal dementia and West Nile Virus infection (Hong et al., 2016 , Vasek et al., 2016 , Lui et al., 2016 , Shi et al., 2017 . Another recent study indicated that C1q and C3 are induced in MS and may colocalize with synaptic proteins in postmortem MS brains (Michailidou et al., 2015) . However, it is unclear if this complement deposition is an independent pathological event or secondary to other brain pathology, and thus whether complement can induce synapse loss in demyelinating disease remained elusive. Our data 1 5 indicate an increase in C1q, but no C1q deposition at synapses, in multiple MS models. Instead, we observe striking localization of C3 at synapses. These data suggest that synapse elimination can occur through the alternative, versus the C1q-dependent classical, complement cascade.
These findings are in line with earlier work in EAE, suggesting that the alternative complement pathway predominates and that blocking this pathway globally prevents disease progression (Nataf et al., 2000) . Similarly, clinical studies have shown increased plasma levels of C3 and elevated C3 in the CSF of MS patients, which correlate with disease severity and clinical disability (Ingram et al., 2012 , Ingram et al., 2014 , Tatomir et al., 2017 . Interestingly, patients with progressive MS, particularly those with primary progressive MS, showed the highest concentrations of C3 in the CSF and plasma (Ingram et al., 2012 , Aeinehband et al., 2015 .
Despite compelling evidence for the alternative cascade in MS, it is still important to consider the contribution of C1q. For example, our data demonstrate elevated levels of C1q, and it has been shown recently that microglial-derived C1q can increase astrocyte reactivity and reactive astrocytes production of C3 (Liddelow et al., 2017) . This astrocyte-derived C3 could then localize to synapses. It is unknown what cell types are producing C3 and C1q in our demyelinating models, which will be an important future direction. Related, it is unknown what cognate receptor the microglia are using to phagocytose C3-opsonized synapses in our models.
Previous work identified an ~50% block of microglial synaptic engulfment in mice deficient in complement receptor 3 (CR3), during developmental synaptic pruning and in a mouse model of Alzheimer's disease (Hong et al., 2016 , Schafer et al., 2012 . Another study showed that West Nile Virus-induced synapse loss and cognitive impairment involves complement receptor 3a (C3aR), but not CR3 (Vasek et al., 2016) . However, assessing synapse loss CR3 or C3aRdeficient mice is challenging, as both mouse lines show attenuated EAE due to a dampened peripheral inflammatory response (Boos et al., 2004 , Bullard et al., 2005 . Therefore, the identification of microglial receptors involved in synapse engulfment in demyelinating disease requires new genetic tool development to more specifically manipulate these receptors in microglia versus other myeloid lineage cells. Elucidating the microglial receptor could also be an interesting direction in light of recent work showing that fibrinogen leakage from the vasculature in the mouse EAE model of MS can induce clustering of microglia around vascular networks and axon loss via CR3 (i.e. Cd11b) (Davalos et al., 2012) . A follow-up study in an Alzheimer's model further demonstrates that this fibrinogen-CR3 interaction could also modulate dendritic spine loss through modulation of microglial release of reactive oxygen species (Merlini et al., 2019) .
Exploring a potential link between blood brain barrier disruption, fibrinogen leakage, and 1 6 microglial receptors required for synapse elimination in MS could be another interesting future direction.
Our data demonstrate that synapse loss can occur independent of other MS-relevant pathology and that C3 is highly enriched at synapses vs. other neuronal compartments at early stages of EAE. Further, using an AAV-mediated in vivo gene delivery approach, we show that when the C3 inhibitor Crry is fused to a domain of CR2, the receptor for activated C3, Crry is highly enriched in presynaptic boutons. Most importantly, C3 inhibition with Crry can protect synapses and visual function. Taken together, we provide an exciting new therapeutic strategy to prevent synapse loss and visual impairment within specific CNS circuits in neurodegenerative disease. Supporting this strategy as a viable therapeutic option, AAV-mediated delivery of Crry has been utilized to decrease C3 activation in models of macular degeneration and ischemic brain injury (Atkinson et al., 2005 , Huang et al., 2008 , Marshall et al., 2014 , Alawieh et al., 2015 , Atkinson et al., 2006 . Another study relevant to MS showed that systemic, peripheral administration of a Crry-CR2 encoding AAV attenuated EAE (Hu et al., 2012) , which was attributed to the targeting of peripheral immune cells and restricting epitope spreading. This is in contrast to our study, which is focused on the neurodegenerative aspects of MS in a specific, deep gray matter brain circuit. During neurodegeneration, inflammation can be beneficial as well as detrimental depending on the stage of disease and CNS region affected. For example, synapse loss may be a compensatory mechanism in some disease contexts to block excitotoxicity. However, these mechanisms of immune-mediated synapse loss may become dysregulated over the course of disease leading to aberrant elimination of other 'innocent bystander' synapses. Also, synapse loss within some circuits or diseases may occur independent of complement (Brink et al., 2005 , Di Liberto et al., 2018 , Lobsiger et al., 2013 .
Thus, this targeted, circuit-specific therapy could offer significant therapeutic potential to target specific circuits and not others during neurodegeneration. Further supporting our strategy as a viable therapeutic option in disorders involving retinal cells and associated brain circuits, the FDA recently approved an AAV based gene therapy approach to treat rare forms of inherited vison loss via subretinal AAV-injections (Russell et al., 2017) . Other neurodegenerative diseases or synapse loss in other CNS regions in MS could also benefit from such a strategy, but this would likely require systemic delivery and/or cell-type specific promotors to target specific CNS neuron populations. Together, our data support AAV delivery of C3 inhibitors fused to the activated C3 receptor CR2 as a viable therapeutic approach to block synapse loss at specific neural circuits in neurodegeneration.
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In summary, we provide compelling evidence that local reactive microglia engulf and eliminate synapses in a manner dependent on synaptically localized complement factor C3. This includes data from human MS tissue that shows significant synapse loss and microglial engulfment of synapses. We further provide evidence from multiple complementary MS models that synapse loss can occur independent of demyelination, neuron degeneration, and peripheral immune cell infiltration. In contrast, synapse loss can be a separable degenerative process that is positively correlated with local gliosis. With our novel AAV approach, we provide the first evidence that targeted inhibition of C3 at synapses is sufficient to block synapse engulfment and elimination by microglia and can protect from visual function decline. With the growing number of neurological diseases that appear to involve complement and microglia in synapse pathology, these data offer a viable therapeutic target to protect synapse integrity and function in disease.
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STAR Methods
Animals
Wildtype C57Bl/6J mice (stock #000664) were obtained from Jackson Laboratories (Bar Harbor, ME). Plp1-CreER T ;ROSA26-EGFP-DTA (DTA) and ROSA26-EGFP-DTA (DTA-ctrl.) mice were generated as previously described (Traka et al., 2010 , Traka et al., 2016 . Littermate controls were used for all mouse experiments. 12 common marmosets (Callithrix jacchus), eight females and four males, were selected from the NINDS colony. All animal experiments were performed in accordance with Animal Care and Use Committees (IACUC) and under NIH guidelines for proper animal welfare.
Experimental autoimmune encephalomyelitis induction in mice
As described previously (Crocker et al., 2006) 
Collection and immunostaining of human and marmoset tissue
Human brain tissue was dissected and formalin-fixed at autopsy after obtaining informed consent for collection. Tissue collection followed protocols approved by NIH Institutional Review
Board. Marmoset brains were collected within 1h of death and fixed in 4% paraformaldehyde.
Once individual slabs containing the lateral geniculate nucleus (LGN) of human and marmoset brains were identified, tissue was embedded in paraffin and sliced into 10 µm thick slides. For immunohistological stains on marmoset and human tissue, slices were deparaffinized and rehydrated, and antigen-binding sites were retrieved by heating for 1h in 10 mM citrate buffer, pH 6.0, with 0.05% Tween-20 in a steam oven before staining. All subsequent steps followed the above described protocol for staining of mouse tissue. If goat-derived primary antibodies were used, blocking was performed with 10% donkey serum (Sigma nucleus were acquired with 50-70 z-stack steps at 0.22 µm optimal spacing using identical settings. Images were then processed in ImageJ (NIH) and individual images of 15-20 single cells per animal were processed in Imaris (Bitplane; Zurich, Switzerland) as previously described (Schafer et al., 2014 , Schafer et al., 2012 . Engulfment analysis was restricted to synaptic material within CD68-positive microglial lysosomes or LAMP2-positive astrocytic lysosomes.
Unbiased quantification of all images was performed blind to genotype or treatment of animals.
Synapse and complement density analyses
For assessing the density of presynaptic inputs (VGluT1, VGluT2) and postsynaptic compartments (Homer1, PSD-95), and for determining the deposition of complement components (C1q, C3), two stained sections from each sample containing the LGN (human and marmoset) or dorsal LGN (mice) were imaged on a Zeiss LSM700 laser scanning confocal microscope equipped with 405 nm, 488 nm, 555 nm, and 639 nm lasers and Zen black acquisition software (Zeiss; Oberkochen, Germany). For each hemisphere, 2-3 randomly chosen 63x fields of view within the LGN were acquired with three z-stack steps at 0.68 µm spacing.
Identical settings were used to acquire images from all samples within one experiment, and data analyses were performed using ImageJ (NIH, version 1.52k) as described previously with minor modifications (Schafer et al., 2012 , Hong et al., 2016 . First, to determine a consistent threshold range, sample images for each genotype and condition were subjected to background subtraction and then manual thresholding blinded to condition and genotype for each channel within one experiment was performed (IsoData segmentation method, 85-255). Then, each channel from single z-planes of the z-stacks (3 z-planes per animal) were subjected to the same 2 2 background subtraction and thresholding, which was kept consistent for a given experiment.
Using the analyze particles function, the total area of presynaptic inputs, postsynaptic compartments and complement component deposition was measured from the thresholded images. To quantify the total area of structural synapses, the image calculator tool was first used to visualize co-localized pre-and postsynaptic puncta from the previously thresholded images.
Then, the analyze particles function was used to calculate the total area of co-localized signals.
Colocalization of complement components (C1q, C3) or Crry-EGFP with presynaptic puncta was performed similarly. Data from single planes was averaged for each z-stack of each field of view, and the mean of all fields of view from one animal was determined to calculate densities.
Density analysis of myelin, nodes, paranodes and axons
Similar to the quantification of synapses, densities of myelin (MOG, MAG, MBP), axons (neurofilament, MAP2), as well as nodes of Ranvier (βIV-spectrin) and paranodal junctions (CASPR) were determined. In brief, 2-3 randomly chosen 20x fields of view within the region of interest (ROI; LGN, optic nerve, optic tract) of 2-3 slides per animal were acquired with three zstack steps at 0.44 µm spacing from each animal on a Zeiss Observer Spinning Disk Confocal microscope. Identical settings were used for the acquisition of all images from one experiment, and areas outlining the desired ROI (LGN, retina, optic nerve) were selected and quantified blind to genotype or condition with ImageJ as described above for the synapse analyses.
Cell density quantification
For determining the density of microglia (P2RY12), neurons (NeuN, MAP2), infiltrating peripheral immune cells (CD3, CD45), apoptotic cells (cleaved caspase 3) and degenerating axons (APP), single plane 10x and 20x fluorescence images were collected from both hemispheres of at least two slices from each animal with a Zeiss Observer microscope (Zeiss; Oberkochen, Germany).
Identical settings were used for the acquisition of all images from one experiment, and areas outlining the desired ROIs (LGN, retina, optic nerve) were manually counted blind to treatment or genotype using Zen Blue software (Zeiss). The counts were normalized to the total area of the selected ROIs to calculate cell densities.
Fluorescence intensity analysis
For determination of GFAP, P2RY12, and Crry fluorescence intensities in the LGN, 10x and 20x single plane epifluorescence images were collected from both hemispheres of at least two slices from each animal with a Zeiss Observer microscope equipped with Zen Blue software (Zeiss;
Oberkochen, Germany). Identical settings were used to acquire images for all samples within 2 3 one experiment and data analyses were performed using ImageJ (NIH, version 1.52k) and
blinded to genotype or conditions of samples. Before quantification, thresholds of pixel intensity were set to the full range of 16-bit images to ensure a consistent pixel range across all images and background was subtracted from all images. To sample fluorescence intensity, a ROI covering the LGN was manually selected for each image and the raw integrated density of pixels within each ROI was measured. Average intensity over all ROIs was quantified for each animal and then normalized to the values of control treated animals.
Generation of adeno-associated viral vector expressing Crry
The pAAV-CB6-PI plasmid (4045 bp) (Gene Therapy Center, UMass Medical School, Worcester, MA, USA) was used as vector backbone in this study. Sequences encoding the complement inhibitor Crry fused to a CR2 sequence and followed by an autocleavage side and the sequence for EGFP were synthesized as two separate gBlock gene fragments (IDT, Skokie, IL). The first gBlock (1382 bp) encoded the sequence for the mature murine Crry protein (residues 1-319, GenBank accession number NM013499) flanked by overhangs (~25bp) 
Intravitreal injection of AAVs
Four-week-old mice were deeply anesthetized with isoflurane, the surrounding tissue around the eye was swabbed with 5% povidone-iodine, and an incision was made into the sclera (app. heating pad and monitored until they recovered from anesthesia. Twenty-eight days after AAVinjection, EAE was induced in the mice as described above. Only mice that showed substantial colocalization (<35%) of EGFP with VGluT2 + -retinogeniculate terminals in the LGN were included in the analyses.
Culture and treatment of neuro-2a cells
Murine neuro-2a cells (N2a) were purchased from ATCC (#CCL-131) and cultured in DMEM (Thermo Fisher) supplemented with 10% fetal bovine serum (HyClone, USA) and 1% penicillinstreptomycin at 37°C in a humidified incubator. At ~80% confluency, cells were passaged. For AAV-mediated transduction, N2a cells were seeded and, after full attachment to the plate, treated with 25 μ M all trans-retinoic acid (RA, Sigma, Cat. R2625) to induce neurite outgrowth.
The next day, cells were inoculated with either AAV-Crry or AAV-EGFP with a MOI of 10 5 GC/cell. AAVs were removed 48h after infection and cells were harvested or fixed for analysis another five days later.
Western blot
Samples were lysed in T-PER (Thermo Scientific), boiled at 95ºC for 10 min, separated on 4- 
Optomotor testing
Assessment of visual acuity was performed before the induction of EAE and at the onset of clinical symptoms in awake, freely moving mice. Individual mice were placed on a round, elevated platform in the center of a soundproof chamber that was surrounded by four computer screens on which visual stimuli were projected. Mice were exposed to a virtual cylinder consisting of rotating sine wave gratings (12 deg/sec) of various spatial frequencies (cycles/degree). Mice reflexively track these gratings by stereotypic head movements as long as the grating is visible (Prusky et al., 2004) . To determine grating acuity, first a homogeneous gray stimulus was projected on the cylinder, which was followed by a low-spatial-frequency (0.05 cyc/deg) sine wave grating of the same mean luminance that was randomly rotating in one horizontal direction. A video camera positioned in the lid of the chamber directly above the animal was used by a trained observer to record the mice and assess smooth, reflexive head movements in response to the rotating gratings. To determine the highest spatial frequency perceptible for each individual mouse, the spatial frequency of the grating was systematically increased until the animal no longer responded to the projected grating. Visual acuity was assessed blind to treatment of animals.
Statistical analysis
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